Background. Dysphagia after stroke is common, associated independently with poor outcome, and has limited treatment options. Pharyngeal electrical stimulation (PES) is a novel treatment being evaluated for treatment of poststroke dysphagia. Methods. We searched electronically for randomised controlled trials of PES in dysphagic patients within 3 months of stroke. Individual patient data were analysed using regression, adjusted for trial, age, severity, and baseline score. The coprimary outcomes were radiological aspiration (penetration aspiration score, PAS) and clinical dysphagia (dysphagia severity rating scale, DSRS) at 2 weeks; secondary outcomes included functional outcome, death, and length of stay in hospital. Results. Three completed trials were identified: 73 patients, age 72 (12) years, severity (NIHSS) 11 (6), DSRS 6.7 (4.3), mean PAS 4.3 (1.8). Compared with no/sham stimulation, PES was associated with lower PAS, 3.4 (1.7) versus 4.1 (1.7), mean difference −0.9 ( = 0.020), and lower DSRS, 3.5 (3.8) versus 4.9 (4.4), mean difference −1.7 ( = 0.040). Length of stay in hospital tended to be shorter: 50.2 (25.3) versus 71.2 (60.4) days ( = 0.11). Functional outcome and death did not differ between treatment groups. Conclusions. PES was associated with less radiological aspiration and clinical dysphagia and possibly reduced length of stay in hospital across three small trials.
Introduction
Stroke is the main cause of adult disability and the third most common cause of death in Europe. Acute stroke is complicated by oropharyngeal dysphagia in up to 50% of patients and although it often resolves over the following weeks, 40% of these patients can remain dysphagic a year later [1] . Dysphagia leads to aspiration and a 3-fold increase in pneumonia and malnutrition [2] . Patients who remain chronically dysphagic require enteral feeding through a nasogastric tube (NG) or percutaneous endoscopically introduced gastrostomy tube (PEG) and are more likely to require long-term institutional care [3] . Although dysphagia may be treated by a number of techniques, there are no definitive interventions [4] .
Human swallowing has bilateral representation in the cerebral cortex but commonly with a dominant hemisphere (which is unrelated to handedness) [5] . Dysphagia has been shown to often follow a stroke that affects the dominant cortex [6] or after a recurrent stroke. Importantly, swallowing is highly dependent on afferent feedback from bulbar cranial nerves innervating the upper aerodigestive tract and a number of reports have demonstrated that increased sensory input can drive long-term beneficial changes in the cortical control of swallowing [7] , and this is associated with functionally relevant reorganisation of the swallowing cortex [6, 7] .
In normal volunteers and patients with subacute stroke and dysphagia, pharyngeal electrical stimulation (PES) at 5 Hz and 75% of maximum tolerated intensity (typically ∼10-20 mA) for 10 minutes produced the strongest effect on brain excitability measured with transcranial magnetic stimulation (TMS) [8] . Similar stimulation was able to completely reverse a virtual lesion induced in the pharyngeal motor cortex (by slow frequency repetitive TMS) in healthy subjects [8] . A similar treatment paradigm was also most effective in 2 Stroke Research and Treatment dysphagic patients after stroke in a dose comparison study [9] . In a sham-controlled randomised phase II trial, PES was associated with a reduction in dysphagia, assessed using the dysphagia severity rating scale (DSRS) (see below), aspiration, and length of stay in hospital [9] . In a further phase II randomised sham-controlled trial, PES was associated with nonsignificant trends to less clinical dysphagia, more removal of nasogastric tube, and a shorter length of stay. In all of these studies, PES was safe and well tolerated [9, 10] .
The aim of the present study was to assess the safety and efficacy of PES on radiological aspiration and clinical dysphagia using individual patient data from the completed randomised controlled trials. Aggregation of data from all available trials reduces the influence of any one study, better defines the point estimates of effects, and reduces the range of possible effect sizes. A secondary aim was to assess optimal methods for analysing aspiration and dysphagia scores in patients with stroke.
Methods

Ethics.
The anonymised individual patients data come from randomised controlled trials that each involved obtaining approval from national and local research ethics committees and written informed consent from the patients or proxy consent from a designated person (partner, close family, or close friend), as appropriate. Hence, no research ethics approval or specific consent was needed for this study.
Search for Trials.
Completed randomised controlled trials that investigated the effect of PES versus no/sham PES in patients with recent stroke and dysphagia were sought with searches (November 2014) of electronic databases including Cochrane Library (issue 3 2014), EMBASE, MEDLINE, and Science Citation Index (ISI Web of Science). Reference lists from identified reviews and trial publications were also checked for additional trials. When duplicate publications were identified, data from the primary report were used. Publications could be in any language.
Relevant Trials.
Trials were included if they were published, enrolled adults with ischaemic stroke or haemorrhagic stroke within 90 days of onset, and involved the randomised delivery of pharyngeal electrical stimulation versus control (sham or open-label) treatment. Studies were excluded because they either were not a randomised controlled trial, were ongoing, did not include patients with stroke, included patients with ventilated or chronic stroke, or did not measure relevant outcomes.
2.4.
Outcomes. The primary outcome was radiological aspiration as assessed using the 8-level ordinal penetration aspiration score (PAS, by videofluoroscopy) at about 2 weeks after randomisation. The PAS score ranges from 1 (material does not enter the airway) to 8 (aspiration without either a reflexive or conscious attempt to expel material) [13] . Aspiration was defined as PAS >3 a priori; although this is different from the definition of PAS >5 as used by Rosenbek and colleagues [13] , scores of 4-8 signify aspiration (PAS 6-8) or material remaining at the level of the vocal folds (PAS 4 or 5). Clinical dysphagia at 2 weeks was assessed using the dysphagia severity rating scale (DSRS) [9] , a derivative of the dysphagia outcome and severity scale [14] . The DSRS ranges from 0 (normal fluids, normal diet, and eating independently) to 12 (no oral fluids, no oral feeding) [9] . Clinical dysphagia was defined a priori as DSRS >3 and severe dysphagia as DSRS >7.
Secondary outcomes included severity/impairment (National Institutes of Health Stroke Scale, NIHSS [15] ), respiratory tract infection (including pneumonia, a key complication of dysphagia), length of stay in hospital (a key early health economic measure), and death.
Data Sharing.
The chief investigator of each identified study was approached to join the collaboration and share individual patient data. Data were transferred electronically in statistical programme or Excel file formats. Data were then imported into a single database. Before analysing the database as a whole, representative analyses were performed for each trial to ensure that results matched those that had been published.
Statistics.
All analyses were by intention to treat. Since death is a common outcome after stroke in patients with dysphagia, and to avoid missing an effect whereby a treatment might improve dysphagia but be unsafe, an extreme value was added to the outcome aspiration and dysphagia scores, as is done routinely for the modified Rankin Scale (mRS) measure of dependency after stroke where death is assigned a value of 6 [16] ; therefore on-treatment PES ranged from 1 to 9 (where death = 9) and DSRS ranged from 0 to 13 (death = 13). The primary analysis of PAS used the mean score across 6 boli; secondary analyses of PAS were also performed to assist in determining which approach might be optimal in future studies and these assessed mean score across 3 boli, the cumulative PAS score across 6 boli (as used in the source trials [9, 10] ), number of boli with a PAS score >3, number of patients with any bolus >3, and worst PAS score across all boli. The effect of PES on PAS (mean score across 6 boli) was assessed in prespecified subgroups including age, sex, stroke syndrome [12] , severity, severe dysphagia (DSRS >7), aspiration (mean PAS >3), number of PAS scores >3, trial, stroke type (ischaemic, intracerebral haemorrhage), and stimulation current. The primary analysis of DSRS used the mean of patients scores; secondary analysis assessed the number of patients with DSRS score >3 and the number of patients with DSRS score >7. The effect of PES on DSRS was assessed in the same prespecified subgroups as used for PAS.
Statistical analyses used binary logistic regression, ordinal logistic regression, multiple regression, with adjustment for age, relevant baseline score, impairment (NIHSS), and trial; unadjusted analyses were also performed for completeness (where the analysis was only adjusted for trial). Data are number (%), median [interquartile range], or mean (standard deviation). Effect size is presented as odds ratio or mean difference, with 95% confidence intervals (95% CI). Analyses were performed using SAS version 9.3 and < 0.05 is considered significant.
Results
Included Trials. Searches identified 22 studies of which 19
studies were excluded because they either were ongoing, did not include relevant outcomes [8] , or were not relevant for other reasons (Supplemental Table I in Supplementary Material available online at http://dx.doi.org/10.1155/2015/429053). Three completed and published trials were identified that assessed PES in patients with recent stroke and dysphagia (Supplemental Figure I) ; key design and protocol criteria are given for these in Table 1 . One study was a small single centre phase II trial and used a dose comparison design [9] ; only data from the group that were stimulated at 5 Hz for 10 minutes over 3 days were included so that the stimulation parameters match those used in the other trials; the control group were used whereas data from active groups having other stimulation paradigms were not included. The other two trials were multicentre and parallel group in design [9, 10] . In the latter study, 17 of 35 participants had a valid VFS at baseline, and 14 had a valid VFS at 2 weeks [10] . All three studies were sponsored by an academic institution (University of Manchester).
Enrolled Patients.
Altogether, the three trials recruited a total of 73 patients with 37 randomised to PES and 36 to no/sham PES ( Table 2 ). The average age was 72.0 (11.8) years with 45 (61.6%) being male. Women had higher point estimates for severity markers of stroke, aspiration, and dysphagia than men but none of the differences were significant: NIHSS: women 11.5 (6.3), men 10.0 (5.5) ( = 0.28); PAS: women 4.3 (1.6), men 4.2 (2.0) ( = 0.80); DSRS: women 7.7 (4.3), men 6.2 (4.2) ( = 0.20). The mean time from stroke admission to randomisation was 15.1 (8.5) days. Thirty-six (49.3%) patients were taking food enterally at enrolment. Sixty-nine (94.5%) of patients had an ischaemic stroke; patients with ischaemic and haemorrhagic (ICH) stroke did not differ in severity: NIHSS 10.4 (5.9) versus 12.5 (3.1), difference 2.1 (95% CI −3.9, +8.0), and = 0.50. The mean PAS and DSRS were 4.3 (1.8) and 6.7 (4.3), respectively, at baseline (Table 2) .
Stimulation Levels.
The mean threshold sensitivity was 11.4 (5.6) mA and treatment level was 16.8 (6.6) mA (Table 2) .
Radiological Outcomes.
In an adjusted analysis, patients randomised to PES had a significantly lower mean PAS score at 2 weeks by 0.9 points (of 9 points) than those assigned to no PES (Table 3) ; the effect of PES was consistent across the three trials (Supplemental Table II , Figure 1 ) Significant reductions in PAS were also seen when assessed using alternative analysis approaches: mean of the first 3 scores (difference 0.9 points), cumulative score across 6 boli (difference 6.0 points), and number of boli scoring >3 (Table 3) . A trend to a lower worst bolus PAS score (i.e., worst PAS score across all boli) was also seen with PES and in unadjusted analyses using all statistical approaches. The effect of PES on mean PAS was assessed in prespecified subgroups ( Figure 2 ); interactions were significant or had a trend (i.e., < 0.1) for markers of stroke and dysphagia severity including baseline DSRS >7, TACS syndrome, and NIHSS >10; in each case, PES appeared to be effective in patients defined as being more severe. PES also appeared to be effective in patients who were sensitive to low stimulation currents. The effect of PES on PAS did not differ between the three trials ( Figure 2 ).
Clinical Outcomes.
Mean DSRS score was lower by 1.7 points (of 13 points) in patients randomised to PES versus no PES (Table 3 ) at 2 weeks; the effect of PES was consistent across the two trials that measured DSRS (Supplemental Table II , Figure 3) . Additionally, the proportion of patients with clinical (functional) dysphagia at 2 weeks (DSRS >3) was lower in the group randomised to PES. The effect of PES on DSRS was assessed in prespecified subgroups (Supplemental Figure II) ; a significant interaction for treatment current was present with PES being more effective in patients who received 10-20 mA of stimulation. No differences in death, impairment (National Institutes of Health Stroke Scale), or respiratory tract infection (chest infection or pneumonia) were seen between the two groups. Patients randomised to PES tended to have a lower length of stay than those assigned to no PES (Table 3 , Supplemental Figure III ).
Discussion
Dysphagia is a common complication after stroke and is associated, independently, with a poor outcome. Although there are a number of interventions that show promise for treating dysphagia, none have definitive data [4] . Three trials have now been reported assessing the safety and efficacy of Stroke Research and Treatment 5 PES in patients with recent (subacute) stroke and dysphagia. In this individual patient data meta-analysis of data from these trials, PES was associated with reduced aspiration on videofluoroscopy (manifest as a lower penetration aspirations score) and a reduced proportion of patients with clinical dysphagia (defined as DSRS >3). Patients randomised to PES also had a trend to a reduced length of stay in hospital. When assessed in prespecified subgroups, PES appeared to be more effective in reducing radiological aspiration in patients with severe stroke, especially those with severe clinical dysphagia (DSRS >7), and in patients who were sensitive to low stimulation currents. A number of interventions involving electrical stimulation have been tested in the rehabilitation of patients with stroke, including excitation of the vagus nerve, neck musculature (neuromuscular electrical stimulation) [17] , pharynx (as here), sphenopalatine ganglion [18] , and cranium (via transcranial direct current stimulation) [19] . In respect of dysphagia, electrical stimulation is thought to induce functional reorganisation of the swallowing cortex [7, 8] and this mechanism may explain the positive findings seen for PES with less aspiration and dysphagia. The observation that PES might be most effective in patients with severe dysphagia is plausible pathophysiologically and might allow treatment to be focused on patients who are more likely to respond. However, this observation is based on small numbers and needs replication. That PES might be associated with a shorter length of stay is encouraging from a health economic point of view and is likely to reflect less aspiration and dysphagia. The finding that low treatment levels of PES are most effective is counter-intuitive and needs confirmation in other studies; nevertheless, it may reflect that the pharynx is more sensitive and that this is a marker of potential recovery.
The optimal methods for analysing PAS and DSRS scores are unclear and a secondary aim of the present study was to test various statistical approaches. Mean PAS and the number of boli with PAS >3 were both statistically significant. Similarly, DSRS was significant when analysed both as continuous data and as the presence of clinical dysphagia (DSRS >3). Although binary outcomes are easier to explain to patients and healthcare staff, analyses using continuous or ordinal raw data are usually more efficient statistically, as seen previously for the mRS [20] . For both PAS and DSRS, analyses adjusted for baseline prognostic factors should be more sensitive to treatment change than those without adjustment, again as seen previously for the mRS [21] .
The present systematic review and meta-analysis has a number of strengths. First, it used individual patient data (IPD) from the trials rather than summary/group data. Analyses based on IPD are considered to be the gold standard [22] and allow subgroup analyses to be performed, as done here. Second, data for all three identified and completed trials of PES were available thereby removing any bias through noninclusion of data. Third, aggregation of all available trials reduces the influence of any one study, better defines the point estimates of effects, and reduces the range of possible effect sizes.
Nevertheless, several caveats are present. First, the available data are small (3 trials, 73 patients) so the conclusions must be considered provisional. An ongoing larger study (STEPS trial), which will be twice this size of this analysis, will extend information on PES for poststroke dysphagia. Although other studies of PES have been performed, for example, in patients with stroke requiring ventilation, chronic stroke, and multiple sclerosis [23] [24] [25] , there is no evidence that trials in acute and subacute stroke, as assessed here, were missed. Second, the trials were not double-blind although outcomes were assessed blinded to treatment; this design aspect is common in trials of medical devices and is difficult to overcome [26] . Third, although the mean baseline aspiration severity, as measured using the PAS, was relatively mild (mean 4.3), the PAS for the median worst swallow was 7 suggesting most patients were aspirating during VFS. Fourth, VFS might not be the optimal method for assessing aspiration (swallow results are variable both within and between boli, and patients with very severe stroke cannot participate in the process) and use of flexible endoscopic evaluation of swallowing (FEES) or even clinical judgment (as done here with the DSRS) might be preferable. Fifth, the size of effect seen with PES (improvements in PAS of 0.9 and DSRS 1.7) needs to be justified as being clinically important; both represent a >10% improvement in score, and both are associated with changes from severe to moderate, moderate to mild, or mild to no aspiration/dysphagia. Last, in two of the trials [9] , PAS and DSRS were only measured at 2 weeks so that the effects of PES on longer-term aspiration and dysphagia are not clear and need to be studied in future trials.
In summary, PES appeared to reduce radiological aspiration and clinical dysphagia in patients with poststroke dysphagia, in three small trials. Larger trials are now needed to confirm these findings.
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